A r t i c l e s
Vaccination is one of the most effective public health interventions, and modern vaccines have an excellent safety record. However, on rare occasions, some individuals experience serious adverse events. Investigating the underlying causes of such events is essential to maintain public confidence in vaccination and may help improve vaccine safety. Fever is a common reaction to immunization, and febrile seizures occasionally occur after vaccination, especially with live-virus vaccines such as the MMR vaccine. Although generally well tolerated, MMR vaccination almost triples the risk of febrile seizures in the second week after vaccination, resulting in an estimated 3 to 16 additional febrile seizure cases per 10,000 vaccinated children 1, 2 . Overall, febrile seizures occur in 2-5% of children of European ancestry before 5 years of age 3 , often induced by fever from viral infections 4 .
Genetic studies of epileptic disorders with concomitant febrile seizures have identified a number of risk variants, particularly in ion channel genes 5, 6 . However, the vast majority of children with febrile seizures do not develop epilepsy 7 , and, although family and twin studies suggest a strong genetic component to isolated febrile seizures [8] [9] [10] , little is known about specific genetic risk variants. It is also unknown whether distinct variants influence the risk of febrile seizures occurring as an adverse effect of MMR vaccination or the MMR vaccine is just one of many possible stimuli that may trigger febrile seizures in susceptible individuals.
Here we address these questions using a series of genome-wide association scans and replication genotyping, cell-based overexpression assays and electrophysiological recordings of brain slices from wild-type and Ano3-null rats.
A r t i c l e s 
We applied a genome-wide significance threshold of P < 1.25 × 10 −8 , as four association scans were conducted. Six independent genetic loci were replicated and reached genome-wide significance in one or more of the combined analyses ( Table 1 and Supplementary Table 2 ).
Distinct associations for MMR-related febrile seizures
Four loci reached genome-wide significance in the analysis of MMRrelated febrile seizures versus controls. Out of these loci, two also reached genome-wide significance in the analysis of MMR-related febrile seizures versus MMR-unrelated febrile seizures while not showing any effect in the analysis of MMR-unrelated febrile seizures versus controls ( Table 1 ). In agreement with these findings, a genetic risk score based on these two loci showed no association in a logistic regression analysis of MMR-unrelated febrile seizures versus controls (P = 0.42), whereas it was highly significant in comparisons of MMR-related febrile seizures versus controls (P < 2 × 10 −16 ) and MMR-related febrile seizures versus MMR-unrelated febrile seizures (P < 2 × 10 −16 ). Both loci were thus distinctly associated with febrile seizures following MMR vaccination. We found no evidence of interaction between the two top SNPs. There was also no interaction between either of the two SNPs and the four SNPs for febrile seizures overall listed in Table 1 , and their effect estimates were not changed by conditioning on the four top SNPs for febrile seizures overall (data not shown). We considered all 48 genotyped or imputed variants (SNPs and indels) with association P < 1 × 10 −5 at these two loci and searched for functional predictions. These variants were all in linkage disequilibrium (LD) with the top SNP at the given locus (r 2 = 0.47-1; Supplementary Table 3) . At the first locus for MMR-related febrile seizures on chromosome 1p31.1, the associated SNPs fell in a sharply defined 45-kb LD block containing the gene IFI44L ( Fig. 1a) . Of the 25 variants with association P < 1 × 10 −5 , 2 were missense variants ( Supplementary  Table 3 ). One of these, rs273259 (c.218A>G; p.His73Arg; Ensembl transcript ENST00000370751), ranked among the markers with the lowest P value at the locus and was selected for replication genotyping. This variant showed genome-wide significant association in MMRrelated febrile seizures versus controls (odds ratio (OR) = 1.41, 95% confidence interval (CI) = 1.28-1.55; P = 5.9 × 10 −12 ) and in MMRrelated febrile seizures versus MMR-unrelated febrile seizures (OR = 1.42, 95% CI = 1.27-1.59; P = 1.2 × 10 −9 ). It was not predicted to be damaging by MutationTaster or PolyPhen-2 but appears to affect the relative levels of the spliced isoforms. The risk allele (rs273259[A]) for MMR-related febrile seizures corresponds to decreased expression of exon 2 (ENST00000370751 transcript), in which it resides, in lymphoblastoid cell lines 11 and corresponds with decreased expression of the IFI44L-001 transcript (ENST00000370751) and increased expression of the IFI44L-002 transcript (ENST00000486882) relative to other transcripts 11 . In peripheral blood, rs273259[A] is associated with decreased expression of the neighboring IFI44 gene 12 . IFI44L and IFI44 belong to the group of interferon-stimulated genes (ISGs) and are both transcriptionally induced by type I interferon signaling. The expression of IFI44L (in dendritic cells) is significantly upregulated after infection with measles virus 13 . In a large-scale antiviral screen of ISGs, IFI44L modestly inhibited hepatitis C virus replication 14 .
We tested whether IFI44L affected the replication of a recombinant measles virus expressing green fluorescent protein (GFP). Using a lentiviral ectopic expression assay 14 , three tested IFI44L variants had no effect on measles virus replication in immortalized human fibroblasts lacking STAT1 (Supplementary Fig. 4 ). Under these experimental conditions, IFI44L variants are not sufficient to confer direct antiviral protection against measles virus. Other cellular backgrounds or host factors might be required for a functional antiviral phenotype.
The most significant SNP at the second locus on chromosome 1q32.2, rs1318653 (OR = 1.43, 95% CI = 1.28-1.59; P = 9.6 × 10 −11 versus controls and OR = 1.48, 95% CI = 1.30-1.67; P = 1.6 × 10 −9 Discovery-stage results from the MMR-related febrile seizures versus controls scan. (a,b) Regional association plots for the 1p31.1 locus (a) and the 1q32.2 locus (b). SNPs are plotted by chromosomal location (x axis) and disease association (-log 10 P value; left y axis). The colors reflect the LD of each SNP with the top SNP at the locus, and recombination rates (from HapMap; right y axis) are shown to reflect the local LD structure. The P value for the top SNP in the combined analysis is represented by a purple diamond, and that from the discovery-stage analysis is represented by a purple circle.
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A r t i c l e s versus MMR-unrelated febrile seizures), was located between CD46 and CD34 (Fig. 1b) . None of the 23 variants with association P < 1 × 10 −5 at the locus were coding, nor were they reported in the genomewide association study (GWAS) catalog or as expression quantitative trait loci (eQTLs) ( Supplementary Table 3 ). However, one of these variants, rs2724384, which is intronic in CD46 and is highly correlated with rs1318653 (r 2 = 0.95), has been reported in candidate gene studies to associate with the immune response after MMR 15, 16 and measles virus 17 vaccination. The rs2724384 variant was therefore also genotyped in the replication stage and reached genome-wide significance in comparisons of MMR-related febrile seizures to both controls and Table 2 ). The risk allele (rs2724384[A]) for MMR-related febrile seizures corresponds to increased measles-specific IgG antibody levels [15] [16] [17] and reduced interleukin (IL)-6, interferon (IFN)-α and tumor necrosis factor (TNF)-α secretion after stimulation with vaccine-strain measles virus 18 . Furthermore, rs2724384[A] is associated with increased expression of exons 7 and 8 of CD46 (ENST00000358170 transcript) in lymphoblastoid cell lines as well as increased expression of the CD46-004 transcript (ENST00000367042) relative to other transcripts and increased overall expression of the gene 11 . CD46 encodes a type I membrane protein that is a regulatory part of the complement system, induces the proliferation npg A r t i c l e s and differentiation of regulatory T cells 19 , and acts as a cellular receptor for measles virus 20, 21 , primarily vaccine-strain virus 22 .
MMR-unrelated febrile seizures (Supplementary

Associations for febrile seizures in general
Variants at four loci reached genome-wide significance in the analysis of febrile seizures overall versus controls, and none of these differed between MMR-related febrile seizures and MMR-unrelated febrile seizures ( Table 1 and Supplementary Table 2 ). A genetic risk score based on these four loci thus showed no effect in a logistic regression analysis of MMR-related febrile seizures versus MMR-unrelated febrile seizures (P = 0.22) but was highly significant in comparisons of MMR-related febrile seizures, MMR-unrelated febrile seizures and febrile seizures overall versus controls (P < 2 × 10 −16 in all three analyses). In the febrile seizures overall versus controls analysis, the 10% of children with the highest genetic risk scores were at almost four times higher risk than the 10% of children with the lowest risk scores (OR = 3.73, 95% CI = 3.06-4.56). We found no evidence of interaction between the four top SNPs, and their effect estimates were also not changed by conditioning on the two SNPs for MMR-related febrile seizures listed in Table 1 (data not shown). The loci that were genome-wide significant in the febrile seizures overall versus controls analysis were also selected for genotyping in an auxiliary replication set of individuals with febrile seizures with 25 or more years of followup who did not have any epilepsy diagnosis. Three of the four loci were replicated (P replication < 0.05 and P combined < 1.25 × 10 −8 ) when using this smaller alternative replication set (Supplementary Table 4 ). The febrile seizure cases in our main analysis were followed in the Danish National Patient Register until a median age of 15 years for the discovery-stage cases and 10 years for the replication-stage cases. During this time period, 92 of 1,999 discovery-stage cases (4.6%) and 53 of 1,443 replication-stage cases (3.7%) had an epilepsy or non-febrile seizure diagnosis. We performed a sensitivity analysis excluding these cases and found very similar results in comparison to the main analysis ( Supplementary Table 5 ). Next, we considered all 347 genotyped or imputed variants (SNPs and indels) with association P < 1 × 10 −5 at the 4 loci and searched for functional predictions for these variants. Correlations with the top SNP at each locus (r 2 ) ranged from 0.09 to 1 ( Supplementary Table 6 ).
Two loci harboring sodium channel genes
At the first locus for febrile seizures overall on chromosome 2q24.3, rs3769955 yielded the lowest P value (OR = 1.22, 95% CI = 1.15-1.30; P = 3.1 × 10 −10 ). This SNP is intronic in SCN2A and lies in an LD block stretching into the neighboring gene CSRNP3 (Fig. 2a) . None of the 41 variants with association P < 1 × 10 −5 at the locus were coding ( Supplementary Table 6 ), nor were they reported in the GWAS catalog or as eQTLs. SCN2A encodes the voltage-gated Na + channel α subunit Na V 1.2, which has an essential role in the initiation and propagation of action potentials in neurons. Na V 1.2 is located at high density in the axon initial segment of excitatory cortical and hippocampal neurons 23 . Rare missense mutations in SCN2A are reported to cause benign familial neonatal and infantile seizures (BFNIS) 24 by a gain-of-function mechanism that increases the excitability of these neurons 25 . Furthermore, a febrile increase in temperature from 37 °C to 41 °C has been shown to directly increase Na V 1.2 channel excitability in HEK293T cells, supporting a role for SCN2A in the genesis of febrile seizures 23 .
The second locus was also on chromosome 2q24.3, in a region containing SCN1A, TTC21B and the noncoding transcripts LOC100506124 and TTC21B-AS1 ( Fig. 2b and Supplementary  Table 6 ). Four SNPs at the locus were genotyped in the replication stage, all reaching genome-wide significance (Supplementary Table 2) . The lowest P value was seen for rs6432860 (OR = 1.34, 95% CI = 1.25-1.43; P = 2.2 × 10 −16 ), a synonymous SNP in SCN1A and an eQTL for TTC21B in the liver 26 . Among the 238 variants with association P < 1 × 10 −5 at the locus, rs7587026 was reported to associate with mesial temporal lobe epilepsy with hippocampal sclerosis and febrile seizures 27 in a recent GWAS meta-analysis, with the reported risk allele (rs7587026[A]) corresponding to increased risk of febrile seizures in our data ( Supplementary Table 6 ). Another associated SNP at the locus, rs3812718, affects alternative splicing of SCN1A in brain tissue 27, 28 and was significantly associated with febrile seizures in general in two relatively small sample sets but not in a third 27 . Again, the reported risk allele (rs3812718[A]) corresponded to increased risk of febrile seizures in our data ( Supplementary Table 6 ). SCN1A encodes the voltage-gated Na + channel α subunit Na V 1.1, which is expressed predominantly in the axon initial segment of inhibitory interneurons 29 . Rare mutations in SCN1A cause a wide spectrum of epilepsy syndromes, including genetic epilepsy with febrile seizures plus (GEFS+) and Dravet syndrome (also known as severe myoclonic epilepsy of infancy) 5 , depending on the nature of the mutation and possible genetic modifiers in other genes 30 .
In the larger region encompassing both loci, rs3769955 and rs6432860 are 660 kb apart in different LD blocks, with r 2 = 0.02 and D′ = 0.24 between the two SNPs on the basis of the replicationstage genotypes. Conditioning on either SNP left little residual association signal in its own LD block while only mildly attenuating the signal in the other block ( Supplementary Fig. 5a,b) . In an A r t i c l e s analysis conditional on both top SNPs, no SNP in the region achieved P < 5 × 10 −4 (Supplementary Fig. 5c ).
Large-effect variants at ANO3
The most significant SNP at the third locus for febrile seizures overall on chromosome 11p14.2, rs114444506 (OR = 2.09, 95% CI = 1.79-2.44; P = 3.7 × 10 −20 ), mapped to the first intron of the ANO3 (also known as TMEM16C) splice variant ANO3-201 (ENST00000537978) (Fig. 2c) . None of the 30 variants with association P < 1 × 10 −5 at the locus were coding ( Supplementary Table 6 ), nor were they reported in the GWAS catalog or as eQTLs. ANO3 belongs to the TMEM16 (anoctamin) protein family, a group of ten homologous transmembrane proteins that includes at least two Ca 2+ -activated chloride channels and other members about which less is known 31 . Rare ANO3 missense mutations have been found to segregate with autosomal dominant craniocervical dystonia, and high expression of the gene in human striatum, hippocampus and cortex has been documented 32 . It was recently reported that Ano3-null rats exhibit hyperexcitability of nociceptive neurons and a decreased threshold for pain 33 . Below, we investigate the potential role of ANO3 in seizure genesis through electrophysiological recordings in brain slices from wild-type and Ano3-null rats.
A locus associated with serum magnesium levels
At the fourth locus for febrile seizures overall, the top SNP, rs11105468 (OR = 1.25, 95% CI = 1.17-1.33; P = 3.4 × 10 −11 ), was located in an intergenic region on chromosome 12q21.33 (Fig. 2d) . All 38 variants with association P < 1 × 10 −5 at the locus were intergenic ( Supplementary Table 6 ); none were eQTLs, but several were reported in a GWAS of serum magnesium levels 34 , with P = 3.8 × 10 −12 for rs11105468. For these SNPs, the allele associated with lower magnesium levels was associated with increased risk of febrile seizures in our data. It is well established that magnesium deprivation can lead to seizures in laboratory animals 35 and humans 36 , and in vitro experiments have shown that magnesium deficiency results in spontaneous epileptiform discharges in rat hippocampal brain slices 37 . At the molecular level, magnesium ions block the channel pore of excitatory N-methyl-D-aspartate (NMDA) receptors under basal conditions. The magnesium blockade is relieved by cellular depolarization, thus allowing calcium and sodium to enter the postsynaptic neuron as potassium exits 38 . To explore the role of other variants associated with magnesium levels, we looked up the top SNP at all nine confirmed and suggestive loci for serum magnesium levels 34 , but, apart from the 12q21.33 locus, these loci were not associated with febrile seizures (Supplementary Table 7) .
Electrophysiology of Ano3-null rats
We performed electrophysiological recording in brain slices from wild-type and Ano3-null rats 33 to investigate potential mechanisms involving ANO3 in febrile seizure genesis. Given the role of the anterior hypothalamic nucleus (AHN) in thermoregulation 39 , we first performed whole-cell patch-clamp recordings of AHN neurons to determine the effect of ANO3 on spontaneous action potential (SAP) firing patterns at different temperatures. Recordings were made in slices from male rats on postnatal day (P) 10-12 at 33 °C, 36.5 °C and 40 °C, and we found a significantly lower proportion of heat-sensitive neurons (increased SAP firing with increasing local brain temperature) in Ano3-null rats in comparison to wild-type rats (Fisher's exact test, P = 0.005; n = 30 neurons for each group; Fig. 3; see Supplementary Fig. 6 for the distribution and comparable membrane properties of AHN neurons from wild-type and Ano3-null rats). The hippocampus is often the focus of seizures; hence, we next examined whether ANO3 influenced hippocampal neuronal excitability. We performed whole-cell current-clamp recordings of hippocampal pyramidal neurons from P14 male wild-type and Ano3-null rats at different temperatures. Slice recordings from CA1 pyramidal neurons showed that the resting membrane potential (V m ) was more depolarized by 4-5 mV in Ano3-null rats than in wild-type controls at room temperature (Student's t test, P < 0.05; n = 9-11 neurons per group; Supplementary Fig. 7a ). Furthermore, stepwise injections of current showed that neurons from Ano3-null rats fired more action potentials than wild-type neurons with the same amount of injected current (Supplementary Fig. 7e,f) . To mimic shifts in body temperature during fever, we performed similar experiments at 36.5 °C and 40 °C and found that hippocampal neurons without Ano3 displayed increased excitability at both temperatures (two-way ANOVA, P < 0.01; Fig. 4 ).
DISCUSSION
In this work, designed to investigate both the genetics of an adverse effect of vaccination and febrile seizures, we found that two loci were distinctly associated with febrile seizures as an adverse event following MMR vaccination and that four additional loci were associated Figure 4 Hippocampal CA1 pyramidal neurons exhibit hyperexcitability in the absence of ANO3. (a-d) Basic membrane properties, namely, resting membrane potential (V m ) (a), input resistance (R in ) (b), membrane capacitance (C m ) (c) and time constant (τ) (d) at 36.5 °C and 40 °C for wild-type (WT) versus Ano3-null neurons (n = 7-8). *P < 0.05, two-way ANOVA followed by HSD (honestly significant difference) test. (e) Sample traces of neuronal responses to current injections of 40, 80 and 120 pA in wild-type versus Ano3-null CA1 pyramidal neurons at 36.5 °C. (f) Stepwise increases in current elicit more action potentials in Ano3-null neurons than in wild-type controls (n = 7-8; **P < 0.01, *P < 0.05, wild type versus Ano3 null, two-way ANOVA). All error bars, s.e.m.
A r t i c l e s with febrile seizures in general. Further, in the absence of ANO3, hypothalamic neurons were less responsive to heat, which could lead to impaired homeostatic control when body temperature rises, and hippocampal neurons became hyperexcitable, which could possibly contribute to febrile seizure genesis.
Our findings, implicating loci harboring the innate immune system genes IFI44L and CD46, represent a first step in understanding the biological mechanisms underlying febrile seizures as an adverse effect of MMR vaccination. An important next step will be to elucidate the pathways by which the identified variants influence the immune response and contribute to the development of fever, seizures or both. One possibility might be that the pathogenic mechanism of MMR-related febrile seizures involves two independent steps: febrile response influenced by the distinct MMR-related febrile seizure variants and, then, given fever, seizure response influenced by the general febrile seizure variants. A genetic study of children with detailed information about febrile response after MMR vaccination would be needed to determine whether the IFI44L and CD46 variants are also associated with specific fever patterns in individuals who are not susceptible to febrile seizures. Other future investigations are required to identify the precise identity of the causal variants at the loci and to determine whether the variants are associated with response to other vaccines or to live-virus infections. Eventually, such knowledge may translate into improved vaccine design or personalized vaccination strategies.
With respect to febrile seizures in general, SCN1A and SCN2A are strong functional candidates at the two independent 2q24.3 loci, as variants in these genes have been linked to a range of epilepsy syndromes, some involving febrile seizures 5, 6 . Some observations are worth noting. First, variants affecting SCN2A function are likely to show age-dependent changes in effect because Na V 1.2 channels are expressed early in development in the axon initial segments of principal neurons but are gradually replaced by Na V 1.6 channels during maturation. In mice, this transition occurs gradually from about P15 onward; in humans, it has been suggested as a possible explanation for the age-dependent remission of seizures in BFNIS 25 and might also have a role in the spontaneous remission of febrile seizures around 6 years of age, if a causal link with SCN2A function underlies the febrile seizure association seen in our data. Second, given the predominant expression of the Na V 1.1 and Na V 1.2 channels in the axon initial segments of inhibitory interneurons and excitatory pyramidal neurons, respectively, it is conceivable that the SCN1A variants affect risk of febrile seizures through decreased activity of the inhibitory circuitry, whereas the SCN2A variants act directly by increasing the activity of excitatory neurons. Third, rare SCN1A missense mutations are commonly found in Dravet syndrome and GEFS+, two epilepsy syndromes that include febrile seizures as part of the clinical presentation. Mice heterozygous for Scn1a lossof-function mutations show a severe phenotype resembling Dravet syndrome 29, 40 , whereas mice heterozygous for the Scn1a missense mutations seen in GEFS+ only have partial loss of channel function and show a much less severe phenotype 40, 41 . In line with this pattern, we expect future investigations to uncover more subtle effects of the SCN1A variants identified here on susceptibility to febrile seizures, for example, involving decreased gene expression or altered regulation of alternative splicing.
The 12q21.33 association indicates that revived research into the role of magnesium deficiency in seizure susceptibility is warranted. In clinical practice, magnesium sulfate has long been used as an effective treatment for the seizures of neonatal tetany 42 and eclampsia 43 , and oral magnesium supplementation has been suggested as an adjunct therapy in patients with drug-resistant epileptic seizures 44, 45 . We note that other previously reported magnesium-related loci were not associated with febrile seizures. However, the previous findings were based on serum concentrations measured in adult participants 34 , and different loci may regulate distinct aspects of magnesium metabolism, such as tissue-specific bioavailability, over a lifetime.
The implication of ANO3 variants in susceptibility to general febrile seizures opens novel avenues for future research in the field of seizure disorders. In comparison to typical GWAS findings in other complex diseases, the OR estimate of 2.09 is unusually high and, together with the supportive electrophysiological results, underlines the importance of ANO3 as a target for further inquiry. In nociceptive dorsal root ganglion neurons, ANO3 acts indirectly by modulating the properties of the sodium-activated potassium (K Na ) channel KCNT1 (SLACK) 33 , but it is unclear whether this is also the case in central neurons, for example, hippocampal and hypothalamic neurons. Rare KCNT1 mutations have been reported in two early-onset epileptic disorders 46, 47 , and it will be interesting to determine whether the mechanism underlying the association with febrile seizures reported here involves altered cellular excitability through interaction between ANO3 and KCNT1.
Given the occurrence of febrile seizures in several epilepsy syndromes, one might speculate whether our association findings for general febrile seizures could be driven by the inclusion of infants who would later develop epilepsy, for example, GEFS+ or Dravet syndrome. We consider this scenario to be highly unlikely, as only a small fraction of febrile seizure cases are expected to later develop epilepsy 7 . Thus, an epilepsy-associated variant would need to have an extremely large effect in this set and be in strong LD with the top SNP at one of the loci for general febrile seizures to drive the association. However, among the common SNPs at the four loci, the effect size for the only previously reported genome-wide significant epilepsy-related SNP, rs7587026, was modest (OR = 1.42) 27 , and it is implausible that rare large-effect variants in SCN1A and SCN2A known to cause familial epilepsies can explain the associations for the common SNPs (risk allele frequencies of >0.4) reported here 48 . Furthermore, we found that the results did not change when we excluded febrile seizure cases who later developed epilepsy ( Supplementary Table 5 ) and that three of the four loci replicated when using an auxiliary set of febrile seizure cases with more than 25 years of follow-up without any records of epilepsy (Supplementary Table 4) ; the association signal for rs376995 at the fourth locus was consistent with the replication-stage results in the main analysis ( Table 1) .
Our study was restricted to individuals of Danish descent, and further studies are needed to examine the effects of the identified variants in populations of different ancestry. Several of the six SNPs in Table 1 show substantial differences in allele frequency, particularly between East Asians and other populations (Supplementary Fig. 8) . The incidence of febrile seizures varies considerably in different populations across the world. In Japan, 6-9% of children experience febrile seizures in comparison to 2-5% of children of European descent 3, 49 , and genetic studies in East Asians or other populations might identify different loci for febrile seizures. Further studies are also required to identify the functionally relevant variants at each locus and to examine their effects in thoroughly characterized febrile seizure samples across the entire phenotypic spectrum, from isolated febrile seizures (simple or complex) to febrile seizures occurring in specific epilepsy syndromes such as GEFS+ or Dravet syndrome.
In conclusion, using detailed health register information on vaccinations and febrile seizure episodes, we identified common variants at two loci associated with febrile seizures as an adverse event following MMR npg A r t i c l e s vaccination. From a public health perspective, it is essential to study the underlying cause of any serious adverse event of the MMR vaccine, a preventive pharmaceutical product given to millions of children each year, and our findings provide important leads for further research in the fields of immunogenetics and vaccinology. Concomitantly, we identified four loci associated with febrile seizures in general, which, together with supporting evidence from electrophysiological experiments, underline the importance of altered ion channel function in this common childhood disorder. Further functional studies will illuminate the biological mechanisms behind the associations reported here and might also provide more general insights into mechanisms of epileptogenesis and neuronal hyperexcitability. febrile seizures versus MMR-unrelated febrile seizures, MMR-unrelated febrile seizures versus controls and febrile seizures overall versus controls, respectively), indicating minimal population stratification. In line with this observation, association results were essentially unchanged when adjusting for the first five principal components from our principal-components analysis. We therefore report results where test statistics were scaled by genomic control using the genomic inflation factors but where no further adjustment was made on the basis of principal components. We estimated heterogeneity between the discovery and replication results using the I 2 statistic 62 . To explore possible allelic heterogeneity, we conducted analyses conditioning on the top SNP at each of the selected loci. Using the combined discovery and replication data, we tested for interaction effects between the two loci associated with febrile seizures after MMR vaccination and also between the four loci associated with febrile seizures in general by including risk allele count at each locus in a logistic regression model together with pairwise interaction terms. We evaluated the combined impact of the associated loci by constructing genetic risk scores for all individuals in the discovery and replication samples. For each SNP, a weight (log(OR)) was multiplied by the number (or dosage) of risk alleles. The genetic risk scores were then calculated by summation over the two SNPs associated with MMR-related febrile seizures or by summation over the four SNPs associated with febrile seizures overall. We used the weighted risk scores in logistic regression analyses. The association analyses were conducted using SNPTEST, METAL 63 and R software.
Power analysis.
For each of the four scans, we estimated the power of the discovery sample at a significance threshold of P < 1 × 10 −6 ( Supplementary  Table 8 ), as this threshold was used to select SNPs for replication genotyping (Supplementary Fig. 3) . Power estimates are presented at representative and relevant ORs (OR = 1.25, OR = 1.4, OR = 1.5 and OR = 2.0) and risk allele frequencies (0.05, 0.20, 0.30, 0.40 and 0.70). The power analyses were performed using the Genetic Power Calculator 64 .
Bioinformatics analysis.
For each locus with genome-wide significant SNPs, we explored possible functional effects of the associations by considering all genotyped or imputed variants with association P < 1 × 10 −5 at the locus. We searched the National Human Genome Research Institute (NHGRI) GWAS catalog and the NCBI Genotype-Tissue Expression (GTEx) database for previously reported trait or eQTL associations for these variants using P-value thresholds of 5 × 10 −8 and 1 × 10 −4 , respectively. Furthermore, we searched the Blood eQTL browser 12 for cis-and trans-eQTL associations in peripheral blood and the GEUVADIS data browser 11 for exon-and transcript-level eQTL associations in lymphoblastoid cell lines. Ensembl (release 74) IDs were used for the annotation of transcripts. MutationTaster 65 and PolyPhen-2 (ref. 66) were used to predict the deleteriousness of missense mutations.
Cell-based assays. Assays to assess the impact of ectopic ISG expression on virus infection have been described previously 14, 67 . Briefly, SCRPSY lentiviral vectors (provided by P. Bieniasz (Rockefeller University)) were used to express the IFI44L variants or an empty cassette as control. Lentiviral-transduced STAT1 −/− fibroblasts (originally from the laboratory of J.-L. Casanova (Rockefeller University)) were infected at a multiplicity of infection (MOI) of 1.0 with Edmonston strain measles-GFP (provided by R. Cattaneo (Mayo Clinic)) 68 . Cells were collected 24 h after infection, and the percentage of infected cells was quantified by flow cytometry. Tests for mycoplasma contamination of the cells were conducted on multiple occasions (before and after completion of the experiments) and were all negative.
Brain slice preparation. Ano3-null rats and their wild-type littermates were bred at the University of California, San Francisco (UCSF), as reported previously 33 , and used for whole-cell patch-clamp recordings; they were maintained under a 12-h light/12-h dark schedule and consumed food and water ad libitum. All protocols were approved by the Institutional Animal Care and Use Committee (IACUC) at UCSF and are fully compliant with US National Institutes of Health (NIH) guidelines for the humane treatment of animals.
Rats at P10-P14 were anesthetized with isoflurane and decapitated. Brains were removed and submerged in ice-cold sucrose slicing solution (2.5 mM KCl, 10 mM MgSO 4 -7H 2 O, 0.5 mM CaCl 2 -2H 2 O, 1.25 mM NaH 2 PO 4 -H 2 O, 26 mM
